Tanaka, et al. JASA 2 ABSTRACT Acoustic cluster control is proposed for the purpose of achieving global sound attenuatio n of a planar structure. First, acoustic cluster filtering using a point sensor array is presented, which enables the grouping of sound radiated from a target object into a set of clusters, such that each cluster possesses the same common characteristics.
INTRODUCTION
Free space sound radiation is a problem that has received much attention in the active noise control community. Adaptive feedforward control using a filtered-x LMS algorithm 1 is a commonly reported control strategy. Provided that the system is small and simple, this method may be viable. Once the system becomes large and complicated, however, the control system needs to be large and the computational load on the controller becomes heavy. By increasing the number of sources and sensors, it has been shown that it is possible to increase the area over which attenuation is achieved 2 ~ 5 , with significant noise reduction being reported. However, simply attempting to expand source and sensor numbers in an effort to improve global performance is not practically viable; the large number of sensors required as inputs to the control algorithm would quickly overtax the controller CPU and reduce the performance of the system. The same is true for vibration control strategies. When suppressing the vibration of a distributed parameter structure, control designers face the problem of an immense number of vibration modes, which is theoretically infinite. Of all the vibration control methodologies reported so far, there exists only one control strategy that can deal with an infinite number of structural modes; Direct Velocity
Feedback, dubbed DVFB 6, 7 . Using collocated velocity sensors and actuators, DVFB enables the damping augmentation of all structural modes; however this method is regarded as LAC 8 (Low Authority Control) as it lacks meticulous control of specific modes of interest.
It is likely that all the structural modes are grouped into a finite number of clusters in which all the structural modes belonging to a particular cluster have the same common characteristics. If the structural modes are orthogonal to each other, the cluster may be controlled independently, thereby enabling the independent control of each cluster using a simple control strategy witho ut causing spillover problems.
Grouping all the structural modes into a finite number of clusters is called cluster filtering 9 , while independent control of each cluster is termed cluster actuation 9 .
Utilizing both cluster filtering and cluster actuation, cluster control 9 may be performed.
This approach falls into a category of MAC (middle authority control) between conventionally used LAC and HAC (high authority control), possessing the benefits of stability and control law simplicity analogous to LAC, while providing high control performance as well as some flexibility of control gain assignment in a similar way to HAC.
By expanding the conception of cluster control to an active noise control strategy, acoustic cluster control that is able to achieve global suppression of structure-borne noise is proposed. This paper begins by presenting acoustic cluster filtering using a point sensor (microphone) array that enables the grouping of the sound radiated from a target object into a set of clusters, such that each cluster possesses the same characteristics in common. As such, it becomes possible to extract the cluster of interest without causing observation spillover. Based on the principle of reciprocity, cluster actuation using a point source (speaker) array is then presented. Driving the source array in accordance with a proposed control law, the excitation of the designated cluster is performed without causing control spillover. Moreover, by combining both acoustic cluster filtering and acoustic cluster actuation, acoustic cluster control may be performed. The necessary and sufficient condition to implement acoustic cluster control is shown. It is also shown that the sound radiated from a distributed-parameter planar structure may be captured in the appropriate acoustic cluster filtering allowing acoustic cluster control may be implemented. An experiment is carried out to verify the validity of the acoustic cluster filtering and the acoustic cluster actuation. Finally, by employing adaptive feedforward control, acoustic cluster control of the suppression of the noise radiated by a rectangular plate is implemented, demonstrating the capability as well as the validity of the proposed approach.
II. THEORETICAL DEVELOPMENT;
A. Acoustic cluster filtering / actuation using point sensors /actuators
As shown in Fig. 1 , consider three parallel planes; the top plane is for sensing, the middle for actuation and the bottom for a vibrating target. Suppose that n point sensors (microphones) and n point actuators (speakers) are placed on the sensing plane and actuation plane, respectively, whose locations satisfy the following expressions.
The location r si of the ith point sensor on the sensing plane is written as
while the location r cj of the jth point source (actuator) on the actuation plane is given by
Then the distance r ij between the ith point sensor (microphone) and the jth point source is 222 rxxyyh rr()()
The sound pressure p i at si r is expressed as 
where j is the imaginary number, ω is the exc itation frequency, 0 ρ is the density of air, q i is the volume velocity of the ith acoustic source (actuator) and k is the acoustic wave number.
By incorporating all the acoustic sensor outputs into a vector p, we have
Similarly, putting all the volume velocities of the acoustic sources into a vector q, we
Referring to Eq.(4), the relation between the vector p and q is given by
where x nn C Φ ∈ denotes the acoustic impedance matrix defined as 
Next, using a non-singular matrix x TR nn ∈ , a cluster filtering is performed as
Note that the ith element p i % of the vector p % is expressed as the combination of all the elements of the vector p with the weighting factors, ij t (j = 1~ n), the ith and jth element of T, thus allowing the extraction of some information out of the sensor outputs.
In exactly the same way, the sound cluster actuation may be carried out by
Note again that the ith element q i % of the vector q % is expressed as the combination of all the elements of the vector q with the same weighting factors, ij t (j = 1~ n), used for the sound cluster filtering. Using Eqs. (7), (9) and (10), we have
Suppose that Eq. (11) is expressed as 1 2 00 000 0 000
Then, sound cluster control, achieved as the ith element p i % of p % , for instance, is influenced by only the ith element q i % of the vector q % , and so independent control may be performed without causing control / observation spillover. Equation (12) is thus termed a cluster equation. As such, in order to implement acoustic cluster control, the acoustic impedance matrix Φ needs to be diagonalized. If Φ were a real, symmetrical matrix, it could be diagonalized using an orthonormal matrix. However Φ is a complex matrix, so that its diagonalization is not straightforward. To do so, first, it needs to be a "normal matrix 10 ". If Φ is a normal matrix, then it can be diagonalized by using an appropriate unitary matrix. The necessary and sufficient condition for Φ to be a normal matrix is to satisfy the following condition;
where H denotes the matrix Hermitian (conjugate transpose).
A signal flow diagram of the cluster control is depicted in Fig. 2 . Observe that there is no cross talk between the acoustic cluster filtering set p i % and the acoustic cluster actuation set q i % ; q i % is directly transmitted to p i % with the gain i λ without causing any spillover. Here, i λ is the eigenvalue of the matrix Φ , playing the role of a control gain on i q % , and so it may be adjusted in an effort to meet the desired weight on each modal cluster.
Using an example, it is worthwhile to show how the acoustic cluster filtering and actuation work. Assume the acoustic point sources at 14 
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Referring to the configuration of four point sensors and four point actuators as shown in 
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Note that the acoustic impedance matrix in Eq. (22) satisfies the necessary and sufficient condition in Eq. (13), so that it is a normal matrix, and hence diagonalized as described shortly. The eigenvalues of Φ are calculated as
The modal matrix T associated with the eigenvalues in Eqs. 
Note again that the matrix T is a Hadamard matrix as was previously used in the study of vibration transmission 11, 12 , and is a special case of a unitary matrix. The cluster equation in Eq. (12) is then written as 
However, the information− the transformed source set 1 q % − does not emerge in the other cluster filtering outputs, and hence the outputs of 2 p % , 3 p % and 4 p % in terms of 1 q % are zero.
B. Acoustic cluster filtering / actuation of a rectangular plate 1. Acoustic field function
The sound pressure at r k in space induced by a baffled rectangular plate with the dimension of L x x L y x t, subject to a harmonic excitation, is given by
where z(|) rr ppk is the acoustic impedance from r p on the target plate to r k in space, v(r) p is the velocity at r p , and D is the domain of the plate. Furthermore, the velocity p v(r) may be described using the expansion theory as As shown in Fig. 3 , the target plate is divided into four domains: I through IV.
In each domain of the plate, a pair of point acoustic sensors and actuators are placed as expressed in Eqs. (14) pd (r)(r)r pd (r)(r)r 
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Acoustic cluster filtering mechanism
Consider the case where all the modal functions, (r) ϕ , of a rectangular plate are classified into four categories with the characteristics described as follows: 
where the superscript denotes that the numbers of nodal areas of a panel in x-and ydirections are odd and odd, respectively. Note that the odd/odd modal functions comprise the first acoustic power mode 13, 14 which is the greatest contributor to the total acoustic power radiated from a rectangular plate. If all the modal functions of the rectangular panel are classified into the aforementioned categories, then acoustic cluster filtering may be achieved as expressed below. To do so, consider, for instance, the acoustic cluster filtering output 1 p % in Eq.
(39). In order to perform the required integrations, the target domain is divided into four sub-domains as shown in Fig. 3 , and so the integration is also divided into four terms, Figure 4 (c) illustrates the frequency characteristics of the acoustic cluster filtering output 2 p % .
Note that, referring to Table I listing the modal number and frequencies of the plate, there is a pair of "almost degenerate structural modes"; {(1, 4) mode and (2, 2) mode}, the resonance frequencies of which are very close to each other. Clearly from Figs.
4(c) and (e), the (1, 4) mode and the (2,2) mode are decoupled and extracted in the acoustic clusters 2 p % and 4 p % , respectively. As with the acoustic cluster 3 p % , resonant peaks with respect to the (2,1) and the (2,3) mode appear in Fig. 4(d) . As such, out of the structural modes of interest only the designated modes are perfectly extracted in the acoustic cluster filtering.
V. EXPERIMENT
With a view to verifying the validity of the proposed method, an experiment was amplitude of the sound pressure in Fig. 7(b) is four times as large as that in Fig. 7(a) since the summation operation in the signal processing is involved. Figure 8 (a) illustrates the schematic diagram of a conventional active noise control system with 4 inputs and 4 outputs. With a view to achieving global noise suppression, it is required to increase the number of sensors and speakers. However, the large number of sensors required as input to the control algorithm would quickly overtax the controller CPU and reduce the performance of the system even with the ever-increasing capabilities of microprocessors. On the contrary, the acoustic cluster control presented in the current work enables the independent control of each cluster, thereby reducing the computational burden. More importantly, the cluster filtering output is no longer the sound pressure at a sensor location but the set of all structural modes whose radiation is responsible for the total acoustic power radiated by the target structure. Thus, the suppression of the cluster filtering outputs leads to the suppression of the global noise attenuation. Furthermore, a 4 input 4 output control system is regarded as 4 SISO (single input single output) systems in Fig. 8(b) as opposed to MIMO (multi-input multi-output) in Fig. 8(a) , thus reducing the computation load.
C. Acoustic cluster contro l
Using feedforward control based upon a filtered-x LMS algorithm, acoustic cluster control consisting of both acoustic cluster filtering using four microphones and acoustic cluster actuation using four speakers, was implemented in the experiment. Four speakers were driven in accordance with the cluster actuation law stated previously.
Control signals driving four speakers were obtained by addition / subtraction of the control signal output s; however they are not cancelled as the control signals consist of eigenfunctions of the target structure, which are orthogonal to each other. Figure 9 shows the case when only the acoustic cluster 1 p % was controlled whereas the other three were not. Figures 9(a) and (b) illustrate the frequency characteristics of the sound pressure at r s1 before and after cluster control. In the frequency range under consideration, 7 resonant peaks should exist in Fig. 9(a T a b l e 1 S e n s i n g p l a n e A c t u a t i o n p l a n e r si r sj r c i r c j Vi b r a t i n g t a r g e t p l a n e 
